ABSTRACT: Meconium aspiration is believed to cause persistent pulmonary hypertension syndrome of the newborn (PPHN) via vasoconstriction, whereas meconium has a relaxant effect on rat tracheal muscle. We evaluated the meconium effect on lung vascular and airway muscle. Three-days old and adult rat 3rd-4th generation arteries and adjacent bronchi were studied in vitro. Fresh homogenized meconium did not induce arterial or airway muscle contraction. In precontracted arteries, meconium induced muscle relaxation that was greater (p Ͻ 0.01) in the newborn (53 Ϯ 5%), when compared with adult vessels (34 Ϯ 3%). This relaxant response was partially abrogated (p Ͻ 0.01) by L-NAME (28 Ϯ 4%) and enhanced by a superoxide scavenger (55 Ϯ 4%). Precontracted bronchial muscle relaxed to meconium in vitro and the magnitude of response was greater in the adult when compared with the newborn (p Ͻ 0.01). In vitro incubation with meconium (3 h) reduced agonist-stimulated force and enhanced endothelium-dependent relaxation (p Ͻ 0.01). Airway meconium instillation followed by mechanical ventilation enhanced thromboxane-induced newborn rat pulmonary arterial muscle contraction in vitro (p Ͻ 0.01). We conclude that meconium is a pulmonary vasodilator in vitro MϾeconium is first noted to be present at 12 wk gestation in humans. It is the by-product of fetal amniotic fluid, lanugo, skin cells, and vernix caseosa swallowing, as well it contains cells derived from the gastrointestinal tract (1). Meconium composition also includes four different biliary acids (cholic, chenodeoxycholic, deoxycholic, and lithocholic) and minerals of which copper, zinc, magnesium, calcium iron, and phosphorus are the most common (2,3). In addition, it contains plasmatic proteins such as ␣ 1 -antitripsin and phospholipase A 2 (4,5). T he majority of infants eliminate meconium only after birth. In 15-30% of pregnancies, the fetal anal sphincter relaxes and meconium is released into the amniotic cavity prenatally (6). The factors responsible for the prenatal release of meconium are unknown. Distress either before, during labor or immediately after birth can result in meconium release and the associated gasping-like breathing activity favors its aspiration leading to a moderate to severe pneumonitis in the immediate postnatal period (6).
T he majority of infants eliminate meconium only after birth. In 15-30% of pregnancies, the fetal anal sphincter relaxes and meconium is released into the amniotic cavity prenatally (6) . The factors responsible for the prenatal release of meconium are unknown. Distress either before, during labor or immediately after birth can result in meconium release and the associated gasping-like breathing activity favors its aspiration leading to a moderate to severe pneumonitis in the immediate postnatal period (6) .
Meconium aspiration syndrome (MAS) is often associated and further complicated by pulmonary hypertension in the neonate. The mechanism by which meconium aspiration results in the so-called persistent pulmonary hypertension syndrome of the newborn (PPHN) is presently unclear. Exposure of airway epithelial cells to meconium induces thromboxane A 2 release (7), suggesting that the MAS-associated pulmonary hypertension might be related to synthesis and/or activation of pulmonary vascular constrictor agonists.
Rabbit tracheal tissue exposed to meconium in vitro shows hyperreactivity to histamine, suggesting that meconium has a direct agonist effect on the tracheal smooth muscle (8) . In contrast, in vitro meconium exposure of precontracted rat trachea promotes muscle relaxation (9) .
Conflicting results have also been reported concerning the human meconium effect of umbilical vessels. Meconium failed to contract umbilical arterial and venous muscle, but significantly reduced the thromboxane A 2 analogue-induced force (10) . Yet, others found meconium to have a directly vasoconstrictor effect on the human umbilical vein (11) . Lastly, in vitro exposure of umbilical arteries and veins to meconium results in histopathologic changes in the endothelial cells (12) . Because the umbilical vessels are not innervated and their functional characteristics are distinct from the pulmonary vasculature, these findings are of limited significance to the newborn lung physiology and MAS.
To the best of our knowledge, the effect of meconium on the pulmonary arterial and bronchial smooth muscle has not been previously evaluated. Therefore, the purpose of this study was to evaluate the meconium effect on the newborn and adult rat lung vascular and airway smooth muscle. We used in vitro and in vivo protocols to study the meconium effect. Given the increased pulmonary vascular and airway reactivity in MAS, we hypothesized that meconium has a smooth muscle constrictor effect in the newborn in vitro that is enhanced in pulmonary arteries obtained from a newborn rat model of MAS.
METHODS

Animals.
Young adult (2-4 mo old; 250 -300 g; n ϭ 16) and 3-d old (n ϭ 40) Sprague-Dawley rats (Charles River, Ontario, Canada) were studied. The animals were killed with an overdose of pentobarbital sodium (60 mg/kg intraperitoneally). All procedures were conducted according to criteria established by the Canadian Council on Animal Care and were approved by The Hospital for Sick Children Research Institute Animal Care Review Committee.
Human meconium. Fresh first-passed human meconium was obtained from six healthy full-term neonates less than 24 h of age. The meconium was irradiated, lyophilized, filtered through a large pore mesh to eliminate detritus and frozen at Ϫ20°C until the experiment day. All obtained meconium was pooled to minimize individual inter-infant variation. For all myograph studies, meconium was thawed and diluted in Krebs-Henseleit solution to a final bath concentration of 5 mg/mL. In preliminary studies, we determined that this concentration induced significant smooth muscle relaxation in our tissue preparation and is similar to the one used by others to test the meconium effect on the rat tracheal smooth muscle (9) . Although the reconstituted meconium preparation used in this study clearly differs from fresh meconium involved in MAS, it allows for the in vitro measurements without the possible confounding effect of bacteria on pulmonary artery tone as shown by others (13) .
In vitro studies. Immediately after death, the lungs were harvested and the third (newborn) or fourth (adult) generation left lung intralobar pulmonary artery, or their adjacent bronchus (average diameter 80 -100 m and length ϭ 2 mm) were dissected free and mounted in a wire myograph (Danish Myo Technology A/S, Denmark). Tissues were bathed in Krebs-Henseleit buffer (NaCl, 115 mM; NaHCO 3 , 25 mM; NaHPO 4 , 1.38 mM; KCl, 2.51 mM; MgSO 4 -7 H 2 O, 2.46 mM; CaCl 2 , 1.91 mM; and dextrose, 5.56 mM) bubbled with air/6% CO 2 and maintained at 37°C.
After 1 h of equilibration, the optimal tissue resting tension was determined by short duration (1 min) repeated stimulation with 128 mM KCl until maximum active tension was reached. This procedure does not appear to negatively impact on the muscle response to other subsequent agonist stimulation (14, 15) . All subsequent force measurements were obtained at optimal resting tension. Muscle relaxation was evaluated by initially precontracting with the EC 75 concentrations of either the thromboxane A 2 -mimetic U46619 (pulmonary arteries) or the muscarinic receptor stimulant methacholine (bronchial tissue).
Force measurements were recorded online (Myodaq, Danish Myo Technology A/S, Aarhus, Denmark) and normalized to the tissue cross sectional area as follows: (segment length ϫ segment diameter) ϫ 2 and expressed as mN/mm 2 . Once dissected and cut as a ring, the vascular and airway tissue length was measured with a calibrated dissecting microscope eyepiece. The vascular/airway ring diameter was obtained during the muscle length-tension curves where starting from a position where the myograph wires are not touching the inner vessel/airway wall, they were progressively distanced from each other until the optimal muscle length was obtained. The diameter was read in the myograph as the distance between the two wires in a micrometer scale ϩ the sum of the wires' diameter. This is the measurement referred as vessel/airway diameter. Relaxation was reported as a percentage of precontraction active force generation as previously reported by us (14, 15) .
For the in vitro meconium incubation studies, the freshly dissected pulmonary arteries were incubated with meconium (5 mg/mL) in KrebsHenseleit solution bubbled with air/6% CO 2 at 37°C for 3 hours, before obtaining the muscle force and relaxation measurements.
In vivo studies of meconium airway instillation and ventilation. Newborn animals were mechanically ventilated as previously described (16) . Briefly, the animals were sedated with an intraperitoneal injection of a mixture of xylazine and ketamine (8 and 80 mg/kg, respectively). Following a small neck incision, a metal cannula (22 gauge, 2.5 cm in length) was placed in the trachea and firmly secured with a 4.0 silk suture to prevent air leak. The cannula was connected to the mechanical ventilator after which the animal was paralyzed with pancuronium bromide (0.1 mg/kg ip). Chest electrodes were placed and the animal's ECG signal was acquired continuously (Hewlett Packard, Palo Alto, CA) to monitor for cardiovascular stability. The animals were kept on a warm circulating water pad to maintain the body temperature constant at 37°C.
The animals were oxygen-ventilated for 60 min with a tidal volume of 10 mL/kg, positive end-expiratory pressure (PEEP) of 2 cm H 2 O to avoid lung atelectasis, a rate of 60 breaths/min and 1:1 inspiratory/expiratory ratio. A custom made previously described mechanical ventilator was used (16) . Meconium (prepared as described above) was mixed in saline at a concentration of 65 mg/mL. In eight newborn pups, 3 mL/kg of meconium suspension was instilled intratracheally with a 25-gauge needle in less than 10 s, immediately after placement of the tracheal cannula. To ensure adequate and uniform airway distribution, half the dose was given with the rat lying on one side and the other half after switching body position to the other side. The control animals received no tracheal instillation (n ϭ 18).
Given that the animals were volume-ventilated, no further adjustment of ventilatory settings was necessary. At the end of 60 min of ventilation, the animals were euthanized with pentobarbital sodium (60 mg/kg ip) and the lungs removed for the vessel myograph studies.
These newborn animals are on average 10 -15 g and the only way of obtaining blood gases is by decapitation at the end of the experiment. This procedure results in drainage of blood from the pulmonary circulation making it impossible to recognize the arteries for dissection and isolation for the myograph studies. For this reason, no blood gases and pH were obtained in the experimental and control animal. In previously published work, we have demonstrated that in newborn rats these ventilator settings result in normal blood pH at the end of 60 min ventilation (16) . Yet, the experimental animals' gas exchange status may have differed from our own published data because of meconium-induced ventilation-perfusion mismatch.
Drugs. All drugs were obtained from Sigma Chemical Co. Aldrich, Ontario, Canada.
Data analysis. Data were evaluated by either one-or two-way analysis of variance (ANOVA) with multiple comparisons obtained by the TukeyKrammer test when appropriate, or t test. Statistical significance was accepted at p Ͻ 0.05. All statistical analysis was performed with the Number Cruncher Statistical System (NCSS, Kaysville, UT). Data are presented as mean Ϯ SEM.
RESULTS
The newborn and adult rat bronchial and pulmonary arterial smooth muscle force development in response to the thromboxane A 2 analogue U46619 and methacholine, respectively, are illustrated in Figure 1 . Significantly higher forces were observed in both adult tissues, when compared with the newborn (p Ͻ 0.01). In contrast, meconium (0.1-5 mg/mL) did not contract the newborn and adult pulmonary arterial and bronchial smooth muscle (Fig. 1) .
In precontracted bronchial and pulmonary arterial smooth muscle, meconium induced a concentration-dependent relaxation (Fig. 1) . In the bronchi, the magnitude of the meconiuminduced relaxation was significantly greater in the adult, as compared with newborn and not altered following NOS inhibition with L-NAME at either age (Fig. 2) . Soluble guanylate cyclase inhibition with ODQ (10 Ϫ5 M; n ϭ 4) and the addition of tiron (10 Ϫ3 M; n ϭ 4), a reactive oxygen species scavenger did not alter the meconium-induced magnitude of bronchial muscle relaxation in the newborn (data not shown). Bronchial (A) and pulmonary (B) arterial smooth muscle doseresponse to methacholine and the thromboxane A 2 analogue U46619 in newborn (n ϭ 8) and adult (n ϭ 16) rat tissue. Solid circles ϭ Newborn; Open circles ϭ Adult data. **p Ͻ 0.01 as compared with adult data by two-way ANOVA. C, The dose-response of meconium on the adult bronchial (n ϭ 4) and pulmonary arterial tissue (n ϭ 4). Note that meconium failed to induce muscle contraction, but showed a concentration-dependent relaxation in arteries and bronchial tissue precontracted with U46619 and methacholine respectively.
-Force (Bronchi); -Force (pulmonary artery); -Relaxation (Bronchi); -Relaxation (pulmonary artery).
The magnitude of meconium-induced relaxation of adult and newborn U46619 precontracted pulmonary arteries was age-dependent, but significantly greater (p Ͻ 0.01) in the newborn (47 Ϯ 1%; n ϭ 8) when compared with the same generation intrapulmonary arteries of the adult rat (32 Ϯ 3%; n ϭ 12). L-NAME partially inhibited and tiron enhanced the meconium-induced relaxation of newborn pulmonary arterial muscle (Fig. 3) .
We further evaluated the effect of in vitro meconium incubation on the endothelium-dependent and -independent the newborn pulmonary arterial muscle relaxation. In vitro, meconium incubation for 3 hours resulted in enhanced acetylcholineinduced (endothelium-dependent) relaxation (p Ͻ 0.05), whereas it did not alter the sodium nitroprusside (endotheliumindependent) response (Fig. 4) . Meconium incubation also significantly decreased (p Ͻ 0.01) the newborn pulmonary arterial muscle force following U46619 stimulation (10 Ϫ6 M, Fig. 5 
Panel A).
To evaluate the in vivo effect of meconium on the pulmonary arterial muscle contraction and relaxation potential, we instilled it in the newborn rat trachea and mechanically ventilated the animals for 1 hour. As compared with vessels from newborn control mechanically ventilated animals, the airway meconium-instilled pulmonary arteries exhibited a significant increase (p Ͻ 0.01) in U46619-induced force generation (Fig.  5, Panel A) . No significant changes in the pulmonary arterial endothelium-dependent and -independent muscle relaxation were noted in the meconium-treated animals (Fig. 5, Panel B) .
DISCUSSION
The meconium aspiration syndrome of the newborn is a clinical condition associated with significant morbidity and need for mechanical ventilatory support (6) . When associated with the PPHN syndrome, meconium aspiration may lead to severe hypoxemia, need for extracorporeal membrane oxygenation and poor neurodevelopmental outcome (17) .
The pathogenesis of meconium aspiration-induced PPHN syndrome is unclear, but thought to be secondary to the direct pulmonary vasoconstrictor effect of meconium in the lung based on the piglet model of MAS (18) . In addition, in the ex vivo perfused adult rat lung instillation of human meconium in the airway induces an increase in pulmonary arterial pressure (19) suggesting that it has a vasoconstrictor effect. In contrast, newborn baboons where human meconium was instilled into their lungs to induce MAS, pulmonary hypertension was not observed up to 24 h after treatment (20) . Although animal species and/or meconium preparation differences may account for the apparent discrepant results, these results raise questions regarding the direct effect of human meconium on the pulmonary vascular tone.
In the present study, we demonstrated that human meconium does not induce contraction and to the contrary has an airway and pulmonary arterial smooth muscle relaxant effect when tested in vitro in rat tissue. Yet, when MAS was simulated by instilling human meconium in the lung of newborn rats an enhanced in vitro pulmonary arterial muscle contractile response to the thromboxane A 2 analogue was observed. Together, the study findings suggest that human meconium may induce pulmonary arterial vasoconstriction only when present in the airways/alveoli.
Although this is the first study to evaluate the effect of human meconium on the near resistance pulmonary arteries and adjacent airways, our findings are in keeping with data obtained from other animal and human tissue studies. Human meconium relaxed the rat tracheal muscle (9) and decreased the rabbit tracheal muscle response to histamine (8) . This tracheal muscle relaxant effect may be mediated by meconium-induced nitric oxide release from airway epithelium based on experiments involving human cells exposure to meconium in culture (7) . It is unlikely, however, that a similar mechanism is responsible for the meconium-induced bronchial muscle relaxation observed in the present study. In the rat bronchi, we were unable to suppress the meconium-induced relaxation with the nonspecific nitric oxide synthase inhibitor L-NAME suggesting that it is not mediated by epithelium-derived nitric oxide.
The effect of meconium on vascular tissue has been previously evaluated in human umbilical arteries and veins. Altshuler et al. reported umbilical vein muscle contraction in response to meconium (11) , whereas others showed no direct effect, and a reduced U46619-induced force generation in umbilical arteries and veins in the presence of meconium (10) . Umbilical vessels have unique characteristics and these reported results may not reflect the newborn pulmonary vasculature response to meconium.
In the present study, we evaluated the effect of human meconium on the newborn and adult rat pulmonary arteries. In thromboxane A 2 analogue (U46619) precontracted newborn pulmonary arteries, meconium had a relaxant effect that could be partially abrogated in the presence of a nonspecific nitric oxide synthase inhibitor and enhanced by the superoxide scavenger tiron. Newborn pulmonary arteries in vitro incubation with meconium for 3 hours resulted in a decrease in U46619-induced force. In contrast pulmonary arterial muscle from newborn pups mechanically ventilated for 1-h postmeconium instillation into the lung showed and enhanced in vitro force generation following U46619 stimulation. Taken together, these data suggest that in the rat meconium has no direct pulmonary vasoconstrictor effect. Following airway instillation, meconium likely induces the release of agonist factors by lung parenchyma capable of enhancing the pulmonary arterial constrictor potential.
The nature of these pulmonary vasoconstrictor factors are presently unknown, but meconium has been shown to induce the release of thromboxane (21), complement activation and tumor necrosis factor ␣ (22). Yet, the selectivity for specific agonists, the manner with which it stimulates their release and the time lag between meconium aspiration and pulmonary vasoconstriction in neonates cannot be inferred from the present study.
Last, lung instillation of meconium has been shown in animal models to induce airway epithelial cell and pneumocyte apoptosis via a mechanism that involves the reninangiotensin pathway and angiotensin II production (23) (24) (25) (26) . Angiotensin type 1 receptors appear to predominate in the adult rat lung and modulate the chronic hypoxia induced pulmonary hypertension (27) . Yet, in the rat angiotensin type II receptors predominate during fetal life (28) and the type I A and I B receptors are developmentally regulated (28) . Given that the effect of angiotensin II on the newborn rat pulmonary arteries are unknown and possibility absent, the contribution of this agonist to the pulmonary hypertension associated with MAS cannot be ascertained from the present data.
The mechanism by which meconium induces direct relaxation and enhances the acetylcholine endothelium-dependent pulmonary arterial vasodilation in the newborn rat is unclear. The high magnesium content of meconium may play a role, since it inhibits calcium entry and is a known smooth muscle relaxant (29) . The fact that scavenging superoxide with tiron enhanced the meconium-induced relaxation suggests that it may induce reactive oxygen species formation thus reducing nitric oxide bioavailability. A role for meconium-induced reactive oxygen species in the pulmonary vascular changes associated with the aspiration syndrome has been suggested by others (30 -33) .
In summary, we documented that human meconium has a smooth muscle relaxant effect on near resistance airway and pulmonary arterial tissue of the newborn and adult rat challenging the current notion of it being the vasoconstrictor in PPHN syndrome. The mechanism accounting for the clinical association between meconium aspiration and PPHN syndromes is unclear. One possible explanation is the meconiuminduced lung release of pulmonary vasoconstrictor humoral factors. Further investigation of the mechanism accounting for the increase in pulmonary arterial pressure following meconium lung aspiration is warranted.
